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Multiple defects and perinatal 
death in mice 
deficient in follistatin 
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Follistatin, an activin-binding protein and activin antagonist in 
vitro 1 ' 2 , can bind to heparan sulphate proteoglycans 3 and may func- 
tion in vivo to present activins to their receptors. In the mouse, 
follistatin messenger RNA is first detected in the deciduum (on 
embryonic day 5.5), and later in the developing hindbrain, somites, 
vibrissae, teeth, epidermis and muscle 4 "". In Xenopus laevis, over- 
expression of follistatin leads to induction of neural tissue 12 . Here 
we use loss-of-function mutant mice to investigate the function of 
follistatin in mammals. We find that follistatin-deficient mice are 
retarded in their growth, have decreased mass of the diaphragm 
and intercostal muscles, shiny taut skin, skeletal defects of the 
hard palate and the thirteenth pair of ribs, their whisker and tooth 
development is abnormal, they fail to breathe, and die within hours 
of birth. These defects are more widespread than those seen in 
activin-deficient mutant mice, indicating that follistatin may mod- 
ulate the actions of several members of the transforming growth 
factor-p family. 

To define the roles of follistatin in mammalian development, 
a targeted deletion (/j" 1 ') of the 6-exon follistatin gene was gener- 
ated using embryonic stem (ES) cell technology (Fig. la), and 
mice heterozygous for this deletion (fs m> /+) were intercrossed 
to generate mice homozygous for the deleted follistatin allele 
(/s""//s m! ). Genotyping of mice at birth and at embryonic day 
18.5 (E18.5) revealed that fs^/fs"" mice (follistatin-deficient) 
could survive to birth but died within hours of delivery (Fig. 
\b). Of 196 pups at E18.5, 44 were homozygotes (22.4%), 97 
were heterozygote (49.5%) and 55 were wild-type (28.1%), con- 
sistent with the expected mendelian frequency of 1:2.1. Low- 
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FIG. 1 Targeted deletion of the follistatin gene in ES cells and Southern I 
blot analysis of DNA from offspring derived from heterozygous matings. 
a, The targeting vector contains 3.8 kb of isogenic DNA homologous to 
the 5' non-translated sequence of the mouse follistatin gene, 3.4 kb of 
sequence homologous to the 3' end of the mouse follistatin gene, a 
PGK-hprt (where PGK represents phosphoglycerate kinase I promoter) 
expression cassette, and an MCl-tk (thymidine kinase) expression cas- 
sette. Homologous recombination between this targeting vector and the 
endogenous follistatin gene in mouse ES cells should result in a 5.1- 
kb deletion of the 6 exons coding for follistatin, ensuring that no follista- 
tin mRNA and therefore no follistatin protein was produced in animals 
homozygous for the targeted allele. Introduction of new diagnostic 
restriction endonuclease sites (fig/I I and Xbal) were used to differentiate 
wild-type versus recombinant alleles. Six ES cell clones out of 1,290 
clones (1:215) screened by Southern blot analysis 2122 were correctly 
targeted. One ES cell clone, FS3-C2, gave rise to multiple male chima- 
eras and germline transmission of the deleted allele was demonstrated 
for 3 of 4 chimaeric males. Male and female mice heterozygous for the 
deleted follistatin allele occurred at the expected ratio and were viable 
and fertile, b, Genomic (tail) DNA (~5 ug) from offspring from a single 
litter was restricted with Xbal and £coRI and analysed by Southern blot 
analysis 21 using a 3' probe as shown. The presence of a 5.9-kb fragment 
versus a 3.7-kb wild-type fragment is diagnostic of the deletion when 
using the 3' probe. Homozygote offspring are dead within hours of birth. 
WT, wild type; +/-, heterozygote; -/-, homozygote mutant, c, Sou- 
thern blots of wild-type (WT) and fs m '/fs m ' (-/-) mice, chicken and 
Xenopus laevis genomic DNA (5 ug per lane) digested with BamHI were 
analysed using a human follistatin cDNA. The absence of any hybridiz- 
able fragment bands in the lane genotyped as homozygote (-/-) con- 
firmed that these mice lack the 6 exons coding for the follistatin gene, 
that this is a null allele (fs ml ), and that there were no follistatin-related 
genes in the mouse. 

METHODS. More than 20 kb of DNA encompassing the 6-exon mouse 
follistatin gene sequences was isolated from a 129SvEv genomic library 
using a follistatin cDNA. Linearized vector (25 ug) was electroporated 
into the /iprt-negative AB2.1 ES cell line, selected in HAT and FIAU 
(where HAT represents hypoxanthine, aminopterin, thymidine, and FIAU 
is (l-(2'-deoxy-2'-fluoro-/3-oarabinofuranosyl)-5-iodouracil), and clones 
were injected into blastocysts to generate chimaeras 21 . Enrichment in 
HAT and FIAU was 32-fold compared to HAT alone. Southern blot ana- 
lysis of the ES cell clones was as described 21,22 . Low-stringency hybrid- 
ization of the mouse, chicken and Xenopus laevis blot was by overnight 
hybridization at 60 'C followed by 4 washes for 30' each at 50 °C with 
a 2 x SSC, 1% SDS solution. 



stringency hybridization with a follistatin complementary DNA 
could detect genomic fragments in wild-type mouse, chicken and 
Xenopus laevis but not in the /s m '//i ml mice, confirming that 
we had deleted the only follistatin gene present in the mouse 
(Fig. Ic). 

fs m '/fs newborns could be phenotypically scored because 
they were growth-retarded and had shiny, taut skin similar to 
that seen in the human condition of restrictive dermopathy" 
(Fig. 2d). The phenotypic effects of follistatin deficiency were 
independent of the genetic background (that is, the phenotype 
was similar on 129SvEv inbred, C57/129 hybrid and C57B1/6 
(3 backcrosses) genetic backgrounds). At birth, most fs m, /fs m< 
mice remained pale and cyanotic, the lungs of the fs ml /fs ml mice 
sank in liquid and, on histological examination, the alveolar 
spaces were poorly expanded, consistent with poor breathing, 
although primary pulmonary defects could not be detected (data 
not shown). Analysis of the central and peripheral nervous sys- 
tem by gross dissection and histological procedures did not 
detect any significant abnormalities. Immunohistochemistry of 
E10.5 whole-mount embryos using an antibody raised against 
the 155K neurofilament protein 14 indicated that cranial nerves 
V, VII, IX and X and the spinal ganglia were developing nor- 
mally (data not shown). 

Defects were detected in the musculoskeletal system. fs mi /fs"" x 
mice lacked incisors (6 of 34, hybrid background; Fig. 2b) or 
had delayed incisor development (Table 1). Three of 19 (16%) 
hybrid background fs^'/fs""' mice had a cleft secondary palate. 
Six out of 11 129SvEv inbred mice (55%) and 6 out of 28 C57/ 
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FIG. 2 Morphological and histological analysis of follista- 
tin and control mice, a, Control (left) and fs ml /fs m ' (right) 
newborn mice. The fs""/fs"" mouse on the right was 
smaller, hypoxic (pale), and had shiny, taut skin compared 
to the control. Weighing of pups at E18.5 revealed that 
homozygotes (1.04 ± 0.10 g; n=30) were ~12% lighter 
than their heterozygote (1.18±0.10g; n=52) and wild- 
type (1.17 ±0.13 g; n = 18) littermates. b, Medial view of 
wild-type (top) and fs m '/fs"" (bottom) dissected mandibles 
stained with alizarin red and alcian blue as described 23 . 
The alveolar ridge (A), the region of the mandible that 
surrounds the lower molars, is less prominent and the 
incisor (I) is missing in the mutant, c and d, Coronal sec- 
tions of the head were made at the level of the eye of 
wild-type (c) and fs ml /fs m ' (d) mice and the sections 
stained with alcian blue and neutral red. There is a cleft 
palate (CP) in the fs^/fs"" mouse id). The oral cavity is 
contiguous with the nasal sinus (NS) in d. The arrow points 
to the normal palate in o. e and f, Skeletal analysis (aliza- 
rin red stain) of the thirteenth pair of ribs from control (e) 
and fs""/fs ml mutant ( f ) mice. The thirteenth pair of ribs 
is either absent or limited in its formation (arrows, f) com- 
pared to the same pair in the control (arrows, e). Thoracic 
vertebral bodies are numbered for orientation, g and h, 
Analysis of the intercostal (arrows) and pectoralls major 
musculature from wild-type (g) and fs m '/fs rnl (h) mice taken 
at the same level (between ribs 3 and 4). Note that the 
muscle fibres from the mutant are more sparse and less 
full than the control. A comparable situation Is seen in 
the diaphragm (data not shown). 
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129 hybrid genetic background mice (21%) lacked a hard palate 
similar to activin-pA-deficient rnice ,s (see below; Fig. 2c, d). 
Both inbred and hybrid fs m, /fs"' { mice had defects in the thir- 
teenth pair of ribs and a decrease in the number of lumbar 
vertebrae (Fig. 2e, /; Table 1). The size of the ribs and penet- 
rance of this phenotype was dependent on the genetic back- 
ground (Table 1). The intercostal (Fig. 2g, h) and diaphragmatic 
(data not shown) muscles showed a decrease in muscle mass 
consistent with expression of follistatin in the muscle at birth 10 . 
Histological and electron microscope analysis of the muscula- 
ture, including analysis of ATPase activity, glycogen content and 
mitochondria, failed to demonstrate any primary defect (data 
not shown). Thus, it is not clear whether the decrease in muscle 
mass in the fs ml /fs mt mice is primary or secondary to an overall 
growth deficiency. 

Whisker development was abnormal: the whiskers were too 
thin and were inappropriately oriented, suggesting that follista- 
tin may be an important modulator of activin-pA action 
(Fig. 3a-d; see accompanying Letter). The skin showed hyper- 
keratosis, as indicated by thickened granular and stratum 
corneum layers (Fig. 3e, /). Electron microscope examination 
revealed a 25% increase in the stratum corneum cells compared 
to controls. The shiny, taut skin of/j m '//s ml mice (Fig. 2a) resem- 
bles the skin of transgenic mice with directed overexpression of 
transforming growth factor (TGF)-pi to the epidermis using a 
human keratin-! promoter (HKl.TGF-pi)' 6 . Keratin-6 expres- 
sion was abnormal in the interfollicular epidermis of the fs ml / 
/r ml mice, as it was in HKl.TGF-pi mice (Fig. 3h). Normally 



keratin-6 is found only in the outer root sheath of hair follicles 
(Fig. 2>g). Although abnormal keratin-6 expression is often asso- 
ciated with hyperproliferation", the fs^/fs'"' mice showed nor- 
mal epidermal mitotic activity as judged by 5-bromo- 
deoxyuridine labelling. These results, together with those 
obtained for the growth-arrested epidermis of HKl.TGF-pi 
mice' 6 , suggest that keratin-6 expression can occur in response to 
a variety of stimuli that perturb normal epidermal development. 

In conclusion, fx ml /fs m[ mice have defects in the musculoskele- 
tal system and in the epidermis, and this constriction effect prob- 
ably contributes to their rapid demise. Follistatin is expressed in 
the rhombomeres in the mid-gestational mouse 5 , and can cause 
differentiation of neural cell lines 18 ; overexpression in Xenopus 
laevis suggests that follistatin may be essential for neural 
induction 12 . Our results show that the absence of follistatin in 
the mouse in vivo does not apparently affect the gross develop- 
ment of the nervous system. Interestingly, the fs m '/fs ml mice dem- 
onstrate abnormal whisker and tooth development and hard- 
palate defects similar to activin-pA-deficient mice ls . In the vibris- 
sae, teeth and palate, where follistatin is expressed adjacent to 
activin-pA 7 , follistatin appears to play a role in activin signal 
transduction, possibly sequestering activins in heparan sulphate 
proteoglycans and presenting activin to activin receptors similar 
to type III TGF-p receptors' 9 . The follistatin-deficient mice also 
have other defects not seen in activin-deficient mice 15 . Some of 
these defects are similar to those of the BMP-5 (short ear) mut- 
ant mice, which have defects in the thirteenth pair of ribs 20 , and 
the TGF-p overexpressors, which have shiny, taut skin' 6 . These 



FIG. 3 a and b, Gross analysis of the whisker 
pads and face of control (a) and fe ml /fs ml (b) 
newborn mice demonstrating the disoriented 
whiskers and shiny skin of the mutant (b). c 
and d, Histological analysis (haematoxylin and 
eosin stain of transverse sections) of the 
whisker follicles of control (c) and fs ml /fs"" (d) 
newborn mice. The whisker shafts (arrow) are 
perpendicular to the surface in the control (c). 
In the mutant (d), the shaft (arrow) projects 
parallel before turning perpendicularly, e and f, 
Histology of the skin of control (e) and fs m '/fs"" 
( f ) newborn miGe photographed at the same 
magnification. Note the thickened granular 
(between large white arrows, left) and stratum 
corneum (between small white arrows, right) 
layes in the mutant ( f) compared to the control 
(e). g and h. Double-label immunofluorescence 
of the skin from the back of E18.5 control (g) 
and 1s m '/fs M (h) mice. The antibody raised 
against keratin 14 (red) will stain both interfol- 
licular epidermis and hair follicle, whereas the 
antibody against keratin 6 (yellow/green) will 
normally stain only the outer root sheath 
(arrow) of the hair follicle (g). Irt the mutant 
(n), abnormal keratin 6 expression seen in the 
interfollicular epidermis (E). Single-label immu- 
nofluorescence of the mutant skin did not 
reveal any abnormality in keratin 14 expression 
(data not shown). 

METHODS. Histological analysis of the muscle 
and skeleton, and double-label immunofluo- 
rescence of the skin were performed as 
described 16,21 ' 23 . 
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TABLE 1 Skeletal, palate and tooth defects 
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* Six lumbar vertebrae are the normal complement in the mouse. 

t In 4/28 homozygotes, one or both of the seventh ribs failed to fuse to the sternum. 



similarities suggest that follistatin may be a modulator of other 
TGF-P-related proteins or may function independently. Thus, 
the results obtained by overexpression of follistatin in Xenopus 
laevis' 2 may be a consequence of up or downregulation of the 
actions of several TGF-p-related proteins. It will be critical to 
compare mice deficient in other TGF-P superfamily members to 
our follistatin-deficient mice in order to establish the extent to 
which follistatin is involved in signal transduction of other TGF- 
P-related proteins. □ 
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The secreted protein products of the hedgehog (hh) gene family 
are associated with local and long-range signalling activities that 
are responsible for developmental patterning in multiple systems, 
including Drosophila embryonic and larval tissues and verte- 
brate neural tube, limbs and somites 9-15 . In a process that is critical 
for full biological activity, the hedgehog protein (Hh) undergoes 
autoproteolysis to generate two biochemically distinct products, 
an 18K amino-terminal fragment, N, and a 25K carboxy-terminal 
fragment, C (ref. 16); mutations that block autoproteolysis impair 
Hh function. We have identified the site of autoproteolytic cleavage 
and find that it is broadly conserved throughout the hedgehog 
family. Knowing the site of cleavage, we were able to test the 



function of the N and C cleavage products in Drosophila assays. 
We show here that the N product is the active species in both local 
and long-range signalling. Consistent with this, all twelve mapped 
hedgehog mutations either affected the structure of the N product 
directly or otherwise blocked the release of N from the Hh pre- 
cursor as a result of deletion or alteration of sequences in the C 
domain. 

To characterize the signalling molecules produced from the 
uncleaved Hh precursor U, we determined the site of auto- 
proteolysis and the structures of the cleaved products using a 
purified Hh protein from a bacterial source. This purified pro- 
tein, His 6 C, contains primarily carboxy-terminal sequences and 
can generate a 25K cleavage product corresponding to the native 
C cleavage product produced in Drosophila cells (Fig. la). In 
reactions lasting 3 h and using a wide range of concentrations 
of starting material, this protein displayed kinetics that were 
independent of concentration, strongly suggesting that the cleav- 
age was intramolecular (Fig. lb). 

Amino-terminal sequencing of the 25K cleavage product 
showed that Hh is cut between Gly 257 and Cys 258 (Fig. 1c). 
Sequence alignment with other insect and vertebrate hh proteins 
demonstrates the absolute conservation of the Gly-Cys-Phe 
sequence at the site of autoproteolysis (Fig. Id). To test for the 
presence of a cysteine residue at the amino terminus of C frag- 
ments derived from Drosophila (hh), zebrafish {twhh and skh) 
(S.C.E., manuscript submitted) and mouse (shh) genes, "S-cyst- 
eine was incorporated during in vitro translation (Fig. \e). 
Figure If shows that the first round of protein sequencing in 
each case released the proportion of total incorporated 35 S corre- 
sponding to a single cysteine residue, establishing that cysteine 
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